Abstract-Almost every automobile company is producing vehicles with adaptive cruise control (ACC) system onboard that enables a vehicle to do automatic vehicle following in the longitudinal direction. The ACC system is designed for driver's comfort and safety and to operate with manually driven vehicles. These characteristics of ACC were found to have beneficial effects on the environment and traffic flow characteristics by acting as filters of a wide class of traffic disturbances. It has been argued that the smooth response of ACC vehicles to high-acceleration disturbances or large position errors creates large gaps between the ACC vehicle and the vehicle ahead inviting cut-ins and therefore generating additional disturbances that would not have been created if all vehicles had been manually driven. In this paper, we examine the effect of lane changes on the benefits suggested by Bose and Ioannou as well as the sensitivity of these benefits with respect to various variables such as the penetration of the ACC vehicles, level of traffic disturbances etc. We demonstrate, using theory, simulations, and experiments, that during lane changes, the smoothness of the ACC vehicle response attenuates the disturbances introduced by a cut-in or an exiting vehicle in a way that is beneficial to the environment when compared with similar situations where all vehicles are manually driven. We concluded that a higher number of possible cut-ins that may occur due to the larger gaps created during high-acceleration maneuvers by the vehicle in front of the ACC vehicle, will not annul the benefits obtained in the absence of such cut-ins when compared with the situation of similar maneuvers but with no cut-ins in the case of 100% manually driven vehicles.
I. INTRODUCTION

R
ECENT advances in technology have propelled efforts to automate vehicles in order to achieve safe and efficient use of the current highway system. Fully automated vehicles that are able to operate autonomously in a highway environment are a long-term goal. On the other hand, partially or semiautomated vehicles designed to operate with current manually driven vehicles in today's highway traffic are seen as a more near-term objective. adaptive cruise control (ACC) systems developed during the last decade and recently produced and made available to users by every major automobile company is the first step toward that direction. The application of advanced technologies to vehicles has multiple goals: increasing highway throughput and human safety, alleviating traffic congestion, reducing air pollution and energy consumption, driver comfort etc. This work is concerned with the assessment of the ACC vehicles on the environment and traffic flow characteristics when operating in mixed traffic with manually driven vehicles. The environmental impact of other type of ITS technologies has also been studied in the literature. In particular, the smoothness of traffic flow resulting from deployment of various ITS technologies-e.g., automated traffic surveillance and control (ATSAC) system-and its relation to the emission reduction has been extensively studied and reported in [13] . In [10] , it was stated that in order to achieve energy consumption/transportation emission reduction, policy makers attempt to introduce novel technologies or change traffic behavior (ridesharing, using cleaner fuels, optimizing fuel economy). The importance of accurate modeling of vehicle emission and fuel consumption behavior has resulted in projects conducted by a number of researchers (see, for example, [11] , [12] , and [14] ). An important finding was that a significant factor in vehicle emission is its acceleration profile, in addition to its speed. Two directions of research have been conducted at several US Universities (University of California (UC) Riverside, University of Michigan and Georgia Institute of Technology), with the goal of developing accurate emission models that will account for vehicle modal activity. At UC Riverside, University of Michigan, second-by-second emissions data were used to develop a parameterized model of engine-out and tailpipe emission.
Considering the current penetration of products such as antilock braking systems (ABS), air bags and cruise control into the vehicle market, it is justifiable to expect that ACC systems that give vehicles the capability to follow the vehicle in front automatically in the same lane will penetrate the market in a similar fashion. A variety of different ACC control schemes have been designed for passenger cars during the last decade. Human factors and driver comfort considerations dictate that the response of the ACC vehicle to a leading vehicle maneuver or disturbance should be smooth. This smooth response of the ACC vehicle was suspected to have beneficial effects on traffic flow characteristics and the environment. Since the vehicle-highway system is one of the major contributors to air pollution in urban areas due to increasing vehicle miles traveled and congestion [9] , the impact of the ACC vehicles on the environment as more of these vehicles penetrate the system is an important topic for investigation and it was first addressed in [3] .
In [1] - [3] , the effects of ACC vehicles operating together with manually driven vehicles in a mixed traffic situation are analyzed on the microscopic and macroscopic level using the fundamental diagram, space-time graphs and simulations. The results of the analysis that are demonstrated experimentally on the microscopic level indicate that ACC vehicles have a beneficial effect on traffic flow characteristics and positive effects on the environment due to their smoother response and more intelligent use of the throttle and brake in achieving desired driving tasks in situations involving high-acceleration maneuvers.
The results of [1] developed using simulations and experiments show that a disturbance generated by vehicle during a high-acceleration maneuver is attenuated when it reaches an ACC vehicle due to the fact that the ACC vehicle is designed to respond to such disturbances in a smooth way and with lower acceleration. While this characteristic of the ACC vehicle has beneficial effects on the environment and traffic flow characteristics, the analysis and study of [1] - [3] does not include the effect of this ACC response to the vehicles in the neighboring lane. For example a rapidly accelerating vehicle in front of the ACC vehicle will create a large gap between the two vehicles since the ACC vehicle will follow such a vehicle with much lower acceleration due to human factors and driver comfort constraints. Such a large gap may invite vehicles from neighboring lanes to cut in. As a result additional disturbances will be created that have not been taken into account in the work of [1] - [3] . Similarly lane exit may also generate disturbances. A vehicle ahead of ACC may change lanes for several reasons but one possible reason could be that the driver of such vehicle does not want to be followed by a vehicle driven by the computer. While this assumption may not be valid with the current ACC designs where relatively large minimum time headways are used, it may be valid in the case of future more advanced ACC systems with much smaller minimum time headways.
The purpose of this paper is to first examine the sensitivity of earlier results obtained in [1] with respect to several variables such as level of disturbance, percent penetration of the ACC vehicles etc., and evaluate the effect of lane changes on traffic flow characteristics and environment on the microscopic level.
The paper is organized as follows. In Section II, we examine the behavior of mixed ACC/manual traffic in high-acceleration, longitudinal following maneuvers. The simulation results demonstrate the finding that the vehicles equipped with ACC systems act as filters to traffic disturbances, and provide a smoother trajectory for the vehicles behind to follow than in the all-manual case. The theoretical results are validated by experiments involving a small number of actual vehicles. A sensitivity analysis is performed to examine the effects of the ACC vehicle position, acceleration rates and penetration level on the obtained benefits. In Section III, we examine the lane change effects due to the presence of ACC vehicles in mixed traffic: lane cut-ins and lane exits. Various scenarios in both situations are examined by simulations and tested experimentally, followed by the emission analysis results. The paper concludes with some remarks in Section IV.
II. ACC VEHICLE BEHAVIOR IN MIXED TRAFFIC
In [1] and [3] , it was established using theory and experiments that ACC vehicles have beneficial effects on traffic flow characteristics and the environment especially during disturbances generated when the lead vehicle in front of the ACC vehicle exhibits high -acceleration maneuvers. The emission model developed in [5] (see also [6] and [7] ) is used to calculate the benefits in terms of pollution and fuel economy. The reason why the ACC vehicle response is so friendly to the environment is that ACC vehicles are designed to exhibit smooth response to changes in speed and acceleration mainly for human factors and driver comfort purposes. The results in [1] are demonstrated experimentally at Richmond Field Station and Crows Landing sites and they are found to be in close agreement with those predicted from theory and simulations using driver and ACC models. In [1] , the ACC vehicle was always at a position close to the point where the disturbance was generated, followed by a number of human driven vehicles. The sensitivity of the benefits generated in [1] with respect to the position of the ACC vehicle in the string of a number of vehicles and to other variables is examined in this section.
A. High-Acceleration Maneuvers
Let us consider a string of ten vehicles following one another in a single lane, shown in Fig. 1 . Due to an accident that was just cleared, the lead vehicle begins to accelerate from 0 speed with acceleration 0.35 g to 24.5 m/s. The rest of the vehicles respond accordingly trying to follow the vehicle response of the vehicle right in front of them in an effort to maintain a small but comfortable intervehicle spacing. After reaching 24.5 m/s, the lead vehicle decelerates to 14.5 m/s at -0.3 g, and finally accelerates back to 24.5 m/s at the acceleration rate of 0.25 g.
In order to examine the effect of these maneuvers on the environment and the difference between having an ACC vehicle present in the string of the 10 vehicles and not having one we use as in [1] the Pipes model [4] to model human drivers and the ACC model [7] to model the ACC vehicle. Fig. 2 represents the speed responses of the various vehicles in the string of 10 when all vehicles are manually driven. As indicated in [1] and [3] , the disturbance generated by the lead vehicle gets amplified and becomes more oscillatory as it travels upstream. This is a phenomenon often observed in today's traffic. In Fig. 3 , we assume that the fourth vehicle in the string of 10 is an ACC vehicle. It follows from Fig. 3 that the ACC vehicle, due to its limited acceleration, cannot follow the rapid oscillatory speed response of the vehicle in front but instead acts as a filter presenting to the vehicles behind a smoother, less oscillatory speed response to follow. The drawback of this ACC vehicle behavior is that the intervehicle spacing between itself and the vehicle in front becomes large for some time period until the ACC vehicle catches up as shown in Fig. 4 . In some cases, if the vehicle ahead of the ACC continues speeding with high acceleration the ACC vehicle may lose the target altogether and switch to the cruise mode.
As analyzed in [1] , the previous simulations show that the smooth response of the ACC vehicles has beneficial effects on the environment and fuel economy. Using the emissions model of [5] , we compare the accumulative pollution levels and fuel economy for the case where the 10 vehicles are manually driven and when the fourth vehicle in the string of 10 is replaced with an ACC vehicle for the same lead vehicle maneuver. The results are shown in Table I .
The previous results are in agreement with those presented in [1] . In [1] , the validity of the previous results is demonstrated experimentally using three vehicles. Due to the short range of the ranging sensor, high accelerations were not possible as at such accelerations large gaps are created, and the ACC vehicle loses the target and is forced to switch to the cruise mode. As a result, these experiments had to be repeated with a longer range sensor as described in the following subsection.
B. Experiments
Several runs of tests were performed at the Crows Landing test track with the aim of investigating the validity of the theoretical results. They consisted of two types of traffic-fully manual, in which all vehicles were under manual control, and mixed, in which one of the vehicles was equipped with an ACC system and the rest were manually driven. Three vehicles were used for the experiments, with one changing to the ACC mode for the mixed traffic scenarios. the responses of the three vehicles.
The ACC system was implemented on a Buick LeSabre experimental vehicle. The ACC controller used range and range rate measurements from the radar mounted at the front of the vehicle. The experimental vehicle had two radars installed: Doppler Eaton-Vorad EV300 radar, with more than 150 m range and a non-Doppler Delco radar, with shorter range of m. Most of the time, the radar reading used by the controller was that of EV-300. However, due to the fact that it is a Doppler-type radar, when the relative velocity was less than 0.25 mi/h the radar range reading dropped to zero. One way of handling these radar dropouts was to use a weighted combination of the two radar readings when radar dropouts were suspected. Otherwise, only the EV300 radar range readings were used by the controller. The other two vehicles were also Buick LeSabre and they were equipped with data acquisition systems to record their speed and longitudinal acceleration.
For manual traffic, all vehicles were operated manually. The driver of the lead vehicle was instructed to follow a given speed profile to the best of his/her abilities. The drivers of the following vehicles responded by following the vehicle ahead with a comfortable headway. The vehicles were interchanged for different runs. Fig. 5 shows the experimental results for one such run.
For mixed traffic experiments, the ACC algorithm was implemented on the Buick LeSabre that was used along with the two other Buicks. A time headway of 1.0 s was used by the ACC vehicle. The lead vehicle performed as closely as possible the same type of maneuvers as in the manual traffic. The ACC vehicle was placed as the second vehicle for the vehicle following runs. Fig. 6 shows Since the ACC vehicle is limited in maximum acceleration it lags behind, but its response and that of the third vehicle is much smoother than that in Fig. 5 where all three vehicles were manually driven. Fig. 7 shows the speed responses of the three Table II . In order to validate the simulation results, obtained earlier and in the rest of the paper, the three-vehicle experiment of Figs. 5 and 6 is simulated using the mathematical models for the human drivers and the ACC system, and the benefits obtained are also presented in Table II for comparison purposes. It is clear that the simulations are more conservative in the estimate of the benefits than in the actual case. The same observation was made in [1] .
C. Sensitivity Analysis
The results in [1] and in the previous section are obtained for a specific scenario that is likely to occur in an actual highway. The question that arises is how these benefits vary with respect to the 1) relative position of a (single) ACC vehicle in a string of manually driven vehicles; 2) acceleration and deceleration levels exhibited by the lead vehicle in the string, and 3) percent penetration of ACC vehicles in the mixed traffic.
1) Sensitivity Analysis With Respect to the Position of a Single ACC Vehicle in a String of Manually Driven Vehicles:
We consider a string of 10 vehicles following the leader in a single lane. The lead vehicle performs high-acceleration and deceleration maneuvers as shown in Fig. 2 (100% manual) and Fig. 3 (mixed) . The only difference is that the ACC vehicle in the case of Fig. 3 is placed at different positions in the string of the 10 vehicles. In particular, we consider a single ACC vehicle positioned at second, fourth, sixth, and eighth place in the string. Environmental analyses for these cases are carried out, and the percent improvements of mixed over manual traffic are calculated. Fig. 8 shows the variation of the benefits as the position of the ACC is moved away from the point where the traffic disturbance is generated.
It is obvious that the farther away the ACC vehicle is from the point of disturbance, the less effect it will have on the pollution levels and fuel economy of the vehicles in the string, as the vehicles ahead of the ACC will perform as in the manual case. This indicates that the environmental benefits of ACC will improve with the penetration of ACC vehicles as more ACC vehicles are likely to be present close to the origin of the disturbance acting as filters of oscillatory high-acceleration speed responses.
In Fig. 8 the benefits in were less than 5% and considered to be negligible.
2) Sensitivity Analysis With Respect to the Acceleration of the Lead Vehicle:
In this subsection, we examine the environmental impact of manual versus mixed traffic with respect to the aggressiveness of the lead vehicle maneuver for a 10% ACC participation. As before, we consider a string of 10 vehicles where the third vehicle is ACC-equipped and the rest are manually driven. The lead vehicle starts from rest, accelerates at the specified rate (0.35 g, 0.25 g, 0.15 g, 0.1 g, 0.05 g) to 24 m/s, and keeps that speed for s. The rest follow suit. The emission model was applied to the speed responses of the manual case (all 10 vehicles manually driven) and the mixed case (third vehicle ACC) in order to calculate the cumulative percent benefits. The results are shown in Fig. 9 .
The benefits for emission and fuel consumption were less than 5% and considered to be negligible. As expected, the benefits decreased with the level of the lead vehicle acceleration. Since the ACC vehicle is allowed to generate up to 0.1 g acceleration the benefits for lead vehicle accelerations close to 0.1 g and below are negligible. That is, for accelerations close to 0.1 g and below the ACC vehicle follows exactly the dictated maneuver in an effort to maintain accurate position, as in this case the driver comfort is not an issue. As pointed out in [1] , in this case the ACC vehicle simply passes the disturbance upstream with high accuracy without any filtering or attenuation.
3) Sensitivity Analysis With Respect to the Penetration of ACC Vehicles:
Since the ACC vehicles act as filters of disturbances that are due to high-acceleration maneuvers the more ACC vehicles are present in a string of vehicles the more effective this filtering effect will be. We study the case where 5%, 10%, 15% and 30% of the vehicles are ACC vehicles. In particular, we consider a string of 20 vehicles where 5% corresponds to the presence of 1 ACC vehicle, 10% to 2 ACC vehicles, 15% to 3 ACC vehicles and 30% to 6 ACC vehicles. The position of the ACC vehicles in the string of 20 is chosen randomly. Ten possible such positions are evaluated and the benefits obtained are averaged and presented in Fig. 10 . The evaluation was performed for the following maneuver: The lead vehicle accelerates from 0 to 24 m/s with acceleration 35 g and keeps that speed for a duration of about 100 s and the rest of the vehicles follow accordingly. The results shown in Fig. 10 demonstrate that the benefits increase at a relatively mild rate with the penetration of the ACC vehicles. As the penetration increases further, the benefits level off. The results indicate that most of the benefits can be obtained even for low levels of penetration.
III. LANE CHANGE EFFECTS
As indicated before, the smooth response of the ACC vehicle may create large gaps in situations where the vehicle in front of the ACC vehicle speeds up with acceleration that is higher than the maximum allowed by the ACC system. One could argue that such large gaps may invite cut-ins from neighboring lanes, creating additional disturbances and negatively affecting the benefits established in [1] and in Section II. Another one could also make the argument that advanced ACC systems may use smaller time headways during vehicle following which may discourage lane changes and therefore reduce disturbances due to lane changing. In this section, we examine the effect of cut-ins on the benefits reported in the previous section when during high-acceleration maneuvers large gaps are created that invite a cut-in from the neighboring lane. Furthermore, we examine the effect of vehicles exiting the lane on the benefits established in Section II. ACC vehicles may encourage such exits as with advanced forms of ACC where the time headway used may be small a driver may exit the lane in order to avoid being followed so close by a vehicle driven by a computer. In the following subsections, we use simulations and experiments to evaluate the effects of cut-ins and exits. Let us now consider the same situation with the ACC vehicle replaced with a manually driven one. In this 100% manual case, we have two possible scenarios. In Scenario 1, the vehicle behind the accelerating lead vehicle follows the lead vehicle equally aggressively leaving no space for the vehicle in lane 2 to cut in so no cut in takes place. This scenario is simulated in Fig. 11 . In Scenario 2, the vehicle behind the accelerating lead vehicle lags behind and the vehicle from the neighboring lane 2 manages to cut in. This scenario is shown in Fig. 12 . Fig. 13 shows the speed responses of the mixed traffic in the cut-in situation: It is assumed that the neighboring lane vehicle cuts in immediately in front of the ACC vehicle, causing it to temporarily slow down, and then smoothly catch up with the new predecessor. Fig. 14 shows the position error of the ACC vehicle as it responds to the lead vehicle maneuver and switches targets from the lead to the cut-in vehicle.
Comparing the responses in Figs. 12 and 13 it is clear that the presence of the ACC vehicle attenuates the disturbance due to the lead vehicle acceleration and cut-in vehicle effect.
The following figures show similar results for a different lead vehicle acceleration maneuver. In this case, the lead vehicle in a string of 10 vehicles accelerates from 0 m/s to 20 m/s at 0.35 g, keeps that speed for 140 s, then decelerates to 11 m/s mi/h at -0.25 g, maintains that speed level for 50 s, and finally accelerates at 0.3 g to 26.8 m/s (60 mi/h). Fig. 15 shows the speed responses when all 10 vehicles are manually driven. The oscillatory response of the following vehicles and slinky effects are evident. Due to the tight vehicle following, it is assumed that no cut-in occurs by any vehicle from the adjacent lanes. 
B. Lane Cut-Ins: Environmental Benefits
The speed responses in Figs. 11-16 are used with the emissions model to calculate the percentage improvements obtained due to the presence of the ACC vehicle in the mixed over the manual traffic case. The results are summarized in Table III. TABLE III  SUMMARY The results in the third column, corresponding to Figs. 15 and 16 were obtained for the simulation time period of 300 s (longer period than in Figs. 11-13 ). The results of Table III demonstrate that the cut-in invited by the ACC vehicle in a situation of highacceleration maneuvers that lead to large gaps will not take away the benefits calculated earlier in the absence of cut-ins.
The results in Table III are based on the assumption that the neighboring vehicle cuts in close to the ACC vehicle at about 7 m ahead causing the ACC vehicle to initially apply braking. The sensitivity of the results of Table III based on Figs. 15 and 16 with respect to variations in the cut-in distance from the ACC vehicle are presented in Fig. 18 .
What we observe from the previously obtained results is that the benefits in the lane cut-in situations depend on the spacing at which the manual vehicle cuts in front of the ACC one. In the case of a "sharp" cut-in, i.e., when the initial cut-in spacing is only 7 m, the ACC vehicle activates its brake actuator, which means additional disturbances in its response. When the distance is larger the level of braking is less and the disturbance due to the cut-in is smaller. 
C. Lane Cut-Ins: Experiments
The behavior of the ACC vehicle during cut-in situations is tested at the testing facility at Crows Landing using one ACC vehicle and two manually driven vehicles. Several runs were conducted to evaluate the mixed traffic response during lane change situations. One of the typical runs that consisted of both lane change and a lane exit, is shown in Fig. 19 .
As shown in Fig. 19 , the lead manual vehicle accelerates from 0 m/s to 15 m/s, keeps that speed for a short while, then rapidly accelerates to m/s. The ACC vehicle follows by accelerating smoothly, thus, increasing the intervehicle distance between the two vehicles. The third experimental vehicle, traveling in the adjacent lane, cuts in between the two vehicles at approximately 73 s. The ACC vehicle decelerates in order to maintain safe distance, then increases its speed to catch up with the target vehicle speed. At s, the second vehicle leaves the lane, creating a large gap between the first and the third vehicle. Again, the ACC vehicle handles the disturbance in a smooth manner, eventually reducing the position error close to zero (see Fig. 20) .
The previous experiment demonstrates experimentally the smooth response of the ACC vehicle to disturbances due to high-acceleration maneuvers of the lead vehicle together with those due to cut-in and lane exit.
D. Lane Exit: Simulations
Another type of abrupt traffic disturbance that may occur during vehicle following in a lane is due to a vehicle exiting the lane. This will create a gap that the vehicle behind will try to reduce by speeding up with all other vehicles in the string acting in a similar manner. In the case of a manual vehicle, this could be done aggressively and in the case of an ACC vehicle the closing of the gap is done smoothly due to the driver comfort and human factor constraints. We simulated and evaluated this scenario as follows:
We consider a string of 10 vehicles following the lead vehicle at a steady-state speed of 22.5 m/s (50 mi/h). At some point in time the second vehicle exits the lane creating a large gap between the first and third vehicle. The third manually driven vehicle that now becomes the second, speeds up to close the gap with an acceleration of about 0.15 g. The vehicles behind follow suit trying to synchronize their speeds and maintain gaps that are comfortable for the individual drivers. We repeat the same experiment when the third vehicle is an ACC vehicle that is designed to respond to such a disturbance in a smooth manner. The results for the manual traffic case are shown in Fig. 21 . The results for the mixed traffic case are shown in Fig. 22 with the corresponding position error shown in Fig. 23 . It is clear from these figures that the presence of the ACC vehicle reduced the effect of the disturbance considerably.
In the following subsection, we use the speed responses Figs. 21, 22 and the emission model to calculate the effect of the ACC vehicle on the disturbance generated by the exit vehicle. 
E. Lane Exit: Environmental Benefits
The following table shows the summarized benefits calculated for the mixed over manual traffic in the lane exit scenario described by Figs. 21, 22 in Section III-D
The results in Table IV demonstrate that the presence of the ACC vehicle will reduce the effect of disturbances due to lane exit by the immediate vehicle ahead of the ACC in a way that is beneficial to the environment.
The results of Table IV are obtained for the scenario described in Figs. 21, 22 with the ACC vehicle located in the third position (right behind the exit vehicle). We repeated the previous scenario with the ACC vehicle located in the fourth, sixth and ninth position in the string of 10 vehicles while retaining the lane exit to take place at the second vehicle position. The results are presented in Fig. 24 .
It is clear from Fig. 24 that the benefits in emission and fuel consumption are drastically reduced when the position of the ACC vehicle is shifted from the third place (immediately behind the exit vehicle) to the fourth, sixth, and ninth position. The reason is that the manual vehicles ahead of the ACC vehicle undergo speed response oscillations that do not correspond to high acceleration so that the ACC vehicle provides little attenuation. Instead, it passes these oscillations on to the vehicles upstream. This simulation demonstrates that a higher penetration of ACC will lead to more benefits in terms of emissions and fuel economy in the presence of disturbances due to lane exit.
F. Lane Exit: Experiments
The behavior of the ACC vehicle during the lane exit of the vehicle ahead is tested using actual vehicles at the test facility in Crows Landing. Three vehicles were used, two of them manually driven and one ACC. Fig. 25 shows one such run where the second manually driven vehicle exits the string of the three vehicles at time 81 s. The following ACC vehicle switches targets and closes in smoothly. Fig. 26 shows the position error between the ACC vehicle and the vehicle in front. It increases almost instantaneously when the vehicle exits and the ACC vehicle switches targets but then it decreases smoothly to close to zero at steady state. The experimental results demonstrate the smoothness properties of the ACC vehicle during disturbances that arise because of vehicles exiting the lane which as analyzed in previous sections are responsible for the emissions and fuel economy benefits obtained when compared with the case where the ACC vehicle is replaced by a manually driven vehicle.
IV. CONCLUSION
In this paper, we examine, using simulations and experiments, the mixed manual/ACC traffic characteristics on the microscopic level during disturbances that may arise due to high-acceleration maneuvers and lane changes. The effect of the ACC vehicles is evaluated from the environmental point of view using an emissions model. We have demonstrated that the smooth response of the ACC vehicles has a beneficial effect on the environment in the presence of disturbances that are due to high-acceleration maneuvers, lane cut-ins and lane exiting. These benefits vary with the levels of the disturbance, the position of the ACC vehicle in the string of manually driven vehicles and the ACC vehicle penetration. Several sensitivity curves are developed that show the variation of the benefits with respect to the various variables.
